Using an exponential load profile with a Berkovich tip, the strain bursts produced 
Introduction
There is increasing evidence that plastic deformation in a wide range of materials is in the form of small avalanches or strain bursts. De Hosson et al. [1] used nuclear magnetic resonance to study dislocation dynamics in Al-Zn alloys and found that moving dislocations can advance over a broad spectrum of distances. Weiss, Miguel and coworkers [2] [3] [4] [5] [6] measured the acoustic emissions during creep deformation of ice single crystals and found that the emissions followed a power-law distribution characteristic of self-organized critical behavior [7] [8] . Nanoindentation experiments on a wide range of materials also revealed displacement bursts of nanometric sizes during deformation [9] , and in particular, nanoindentation revealed serrated deformation in bulk metallic glasses [10] [11] [12] [13] [14] [15] [16] [17] .
Because the occurrence of strain bursts is in general stochastic, their quantification is not a trivial matter. The usual tensile or compression tests are not ideal because the same mass of material is being strained, and so the strain bursts emitted at a late stage of deformation will be not under the same conditions as those emitted at the beginning of the straining, especially if the deformation microstructure evolves in a systematic manner with strain. In this paper, we used indentation with a self-similar (i.e. Berkovich) indenter to study the deformation bursts in a copper-based bulk metallic glass.
At steady state, the deformation front in this case propagates continuously outward at a rate which maintains self similarity with the penetration of the indenter, and a condition can be achieved in which the material behavior probed at a late stage of the experiment is comparable to that probed at an early stage. As shown by Lucas and Oliver [18] , this steady state is achieved with a loading profile which results in the indentation strain rate being constant during the indentation.
Experimental
A (Cu 55 Mg 33 Y 12 )-Be (wt%) bulk metallic glass rod 4 mm in diameter was supplied by Dr. M.G. Wang of Northeastern University, Shenyang, P.R. China. This was sectioned and then embedded using an epoxy resin into a matching 5mm hole at the center of a 50mm diameter brass cylinder block. The embedded assembly was then mechanically polished followed by electro-polishing at 15V in a solution of 25% v/v perchloric acid (70% concentrated) in glacial acetic acid, to achieve a surface smoothness of smaller than 1μm. X-ray diffraction (not shown) revealed no crystalline peak, indicating that the sample's structure was amorphous. The Cu 55 Mg 33 Y 12 composition of the sample was determined by Electron Dispersive X-ray Analysis. Nanoindentation experiments were conducted using a CSEM Nanohardness
Tester. An exponential loading profile ) exp( ) ( performed under similar conditions to produce an ensemble of data for statistical analysis. Fig. 1 shows a typical section of the indenter displacement vs time graph, which reveals that the deformation of the metallic glass sample is jumpy. The raw displacementtime data (after thermal drift correction) consists of a high-frequency signal of amplitude ~1.3nm, superimposed on a low-frequency signal of much larger amplitudes. The lowfrequency signal is evidently the real displacement bursts representing the jumpy plastic deformation of the metallic glass, and the high-frequency, low-amplitude signal is the noise floor of the machine. In a previous paper [9] , we have developed a simple protocol to identify the bursts, and to distinguish them from the noise. In this work, we have modified this protocol to speed up the burst identification process. In brief, three stages are used to identify the bursts. The first two stages involve a data-smoothing algorithm for filtering out the noise but at the same time preserving the original shape of the curve.
The last stage involves a burst search algorithm to detect and record the burst data throughout the whole displacement-time curve according to the preset values, without the need to curve-fit the raw data. The first stage of smoothing makes use of a maximum homogeneity smoothing technique [20] [21] , and the second state employs a median smoothing technique [22] . In the burst search algorithm, the slope dy/dx between each neighboring data pair is first normalized by the y o /x o value, where y o (x o ) is the maximum y-value in the smoothened y(x) data curve, to yield a dimensionless quantity ξ = (dy/dx) / (y o /x o ). A threshold value ξ c for ξ is pre-defined, and the algorithm detects the existence of a potential burst whenever ξ for any data pair is larger than ξ c . Since a real burst may last over a few pairs of consecutive data points, the data points for which the condition ξ > ξ c has just started and ended in a series are recorded respectively as the beginning and ending points of a burst. In the present investigation, typical values for ξ c chosen were from 15 to 80. Fig. 1 shows the bursts identified from the raw data using this algorithm with ξ c = 15. Comparing with our previous protocol [9] , both methods can identify the locations of all the expected strain bursts in a noisy situation, but the new protocol works much faster.
Results
The displacement-time graphs under all conditions tested are jumpy as shown in / h P , approaches a steadystate value which is approximately independent of the strain rate. In other words, the strain-rate sensitivity of strength of the metallic glass is very small within the range studied.
The displacement bursts h Δ are not of similar sizes at different stages of the indentation, but they become larger as the indent depth h increases. However, the dimensionless ratio h h / Δ does not exhibit an increase in scatter on increasing h, as shown in Fig. 2(b) . Fig. 2(b) shows that the scatter in the h h / Δ data becomes rather steady as h is larger than 300 nm or so, and this is also the range when the hardness 5 2 / h P becomes steady in Fig. 2(a) . The average value of h h / Δ also exhibits only a very weak sensitivity on strain rate -it is about 1% for the two lower values of K, and this increases to about 1.5% for the highest value of K.
As Fig. 1 shows, the deformation of the present metallic glass comprises clearly identifiable bursts, the occurrence of which is sequential but stochastic. In each experiment, the bursts generated can be counted by the order m in which they occur, i.e.
the first burst has m = 1, the second has m = 2, and so on. successive bursts is a measure of the average time lapse between the two bursts. Fig. 3(b Hardness H is defined as the indentation load divided by the indent area, and at steady-state condition, it is given by
where c is a constant for a specific indenter. The present experiments are load-controlled, and so during a burst in which the indenter displacement jumps by h Δ , P is approximately constant. The jump h Δ is due to sudden softening of the material corresponding to a reduction in its hardness H Δ given by
Since the hardness H is constant in the steady-state (Fig. 2(a) ), a constant value of h h / Δ means that the hardness drop H Δ due to softening is invariant along the indentation path.
Hence, strain bursts emitted in a self-similar, steady-state indentation situation produce a consistent hardness drop H Δ , and since )% 2 . 
Conclusions
Nanoindentation on a (Cu 55 Mg 33 Y 12 )-Be bulk metallic glass reveals jerky deformation behavior at room temperature. Using an exponential load profile with a
Berkovich tip leads to a steady state condition in which the hardness, the displacement burst normalized by the instantaneous displacement, and the inter-burst duration multiplied by the strain rate used, are all statistically invariant on increasing indentation depth. The steady-state ranges of these parameters are also found to be insensitive to the strain rates used in the experiments, which vary by a factor of 100 from 
